Abstract Breast cancer is a heterogeneous disease comprised of at least five major tumor subtypes that coalesce as the second leading cause of cancer death in women in the United States. Although metastasis clearly represents the most lethal characteristic of breast cancer, our understanding of the molecular mechanisms that govern this event remains inadequate. Clinically,~30% of breast cancer patients diagnosed with early-stage disease undergo metastatic progression, an event that (a) severely limits treatment options, (b) typically results in chemoresistance and low response rates, and (c) greatly contributes to aggressive relapses and dismal survival rates. Transforming growth factor-β (TGF-β) is a pleiotropic cytokine that regulates all phases of postnatal mammary gland development, including branching morphogenesis, lactation, and involution. TGF-β also plays a prominent role in suppressing mammary tumorigenesis by preventing mammary epithelial cell (MEC) proliferation, or by inducing MEC apoptosis. Genetic and epigenetic events that transpire during mammary tumorigenesis conspire to circumvent the tumor suppressing activities of TGF-β, thereby permitting late-stage breast cancer cells to acquire invasive and metastatic phenotypes in response to TGF-β. Metastatic progression stimulated by TGF-β also relies on its ability to induce epithelial-mesenchymal transition (EMT) and the expansion of chemoresistant breast cancer stem cells. Precisely how this metamorphosis in TGF-β function comes about remains incompletely understood; however, recent findings indicate that the initiation of oncogenic TGF-β activity is contingent upon imbalances between its canonical and noncanonical signaling systems. Here we review the molecular and cellular contributions of noncanonical TGF-β effectors to mammary tumorigenesis and metastatic progression.
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Introduction
Breast cancer and its associated metastases are the second leading cause of cancer death in women, accounting for more than 40,000 deaths and 211,000 new invasive cancer cases annually in the United States [1] . Metastasis is devastating and underlies the deaths of~90% of patients with solid tumors [2, 3] , including those originating in the breast [4, 5] . Indeed, the 5 year survival rate of breast cancer patients diagnosed with localized disease is 98%, a figure that drops precipitously to 23% in patients diagnosed with evidence of metastatic disease [6] . The dissemination of breast cancer cells, which occurs most frequently to the brain, liver, bone, and lung [7] , involves a complex cascade of gene expression and repression that coalesce in an orderly manner to engender distinct stages of the metastatic process, including (a) local invasion through the basement membrane; (b) intravasation into the vasculature to traverse the circulation; and (c) extravasation, infiltration, and eventual colonization of secondary organ sites [2, [8] [9] [10] [11] . Clonal selection theory paints metastasis as the ultimate developmental rung achieved by evolving breast cancer; however, recent evidence indicates that many breast cancers disseminate long before their primary tumors become symptomatic, and in fact, 33% of women diagnosed with small mammary tumors (4 mm) already harbor disseminated breast cancer cells in their bone marrow [12] [13] [14] . Moreover, these micrometastases can remain dormant for years before reemerging as incurable secondary tumors that are surprisingly insensitive to neoadjuvant chemotherapies that originally attacked the primary tumor [15, 16] . These clinical correlates point to the presence of a molecular bifurcation in the signaling events that underlie metastatic outgrowth versus those operant in promoting primary tumor development. Presently, science and medicine lack sufficient knowledge to synthesize novel pharmaceuticals capable of specifically targeting and alleviating metastatic progression in cancers of the breast. Although genomic approaches have offered some molecular insights into how genetically distinct breast cancer subtypes may be identified and treated, these analyses have yet to provide information related to (a) "how and when" metastasis transpires during mammary tumorigenesis; (b) the overall metastatic potential of distinct breast cancer subtypes; and (c) the impact of conventional chemotherapies and treatment regimens to influence, either positively or negatively, breast cancer metastasis and disease recurrence. Thus, metastasis may in fact represent the last unknown frontier to be interrogated by science and medicine. Transforming growth factor-β (TGF-β) is a multifunctional cytokine that plays essential roles during the branching morphogenesis, lactation, and involution phases of post-natal mammary glands [17, 18] . TGF-β is also a powerful tumor suppressor that governs essentially every aspect of the pathophysiology of mammary epithelial cells (MECs), including their ability to proliferate, migrate, differentiate, and survive [5, 19, 20] . During mammary tumorigenesis, genetic and epigenetic events undermine the tumor suppressive functions of TGF-β, thereby enhancing the development and progression of evolving breast cancers. Mammary tumorigenesis also elicits dramatic alterations in the architecture of breast cancers and their accompanying microenvironments (e.g., desmoplastic and fibrotic reactions), which further inactivate the tumor suppressing activities of TGF-β [19, 21, 22] . Even more remarkably, these abnormal events coalesce to confer TGF-β the ability to stimulate the invasion and metastasis of late-stage breast cancer cells. This peculiar conversion in TGF-β function is known as the "TGF-β Paradox," which underlies the lethality of TGF-β in metastatic breast cancer cells [19, 23, 24] . An emerging explanation for the dichotomous functions of TGF-β may reflect its ability to generate cancer stem cells via its stimulation of epithelial-mesenchymal transition (EMT), an event essential for the initiation of oncogenic TGF-β signaling in breast cancer cells [5, 19] . Along these lines, breast cancer resistance to chemotherapies is clearly associated with the acquisition of EMT [25] [26] [27] [28] , particularly that driven by TGF-β [29, 30] , and with alterations in the tumor microenvironment [31] . Precisely how TGF-β participates in these inappropriate events remains an active area of scientific research; however, recent findings suggest that imbalances between canonical and noncanonical TGF-β signaling inputs manifest the "TGF-β Paradox" and the acquisition of oncogenic activity by TGF-β.
Here we review recent findings that directly impact our understanding of the role of noncanonical TGF-β signaling systems in regulating its oncogenic activities and ability to promote metastatic progression and EMT in developing mammary carcinomas.
TGF-β Signaling Systems
Canonical TGF-β Signaling Canonical TGF-β signaling refers to messages transduced by the activation of the latent transcription factors, Smad2 and Smad3, and as such, canonical TGF-β signaling is synonymous with Smad-dependent TGF-β signaling. All intracellular signals stimulated by TGF-β commence upon its binding to three high-affinity transmembrane receptors, namely TGF-β receptors type I (TβR-I), type II (TβR-II), and type III (TβR-III or betaglycan). Mammals express three genetically unique TGF-β cytokines (i.e., TGF-βs 1-3) whose mature and biologically active forms are~97% identical and exhibit virtually indistinguishable actions in vitro [32, 33] . Interestingly, individual TGF-β ligands are expressed in a spatiotemporal manner during embryogenesis and tissue morphogenesis, which contributes to the array of diverse and nonredundant phenotypes displayed by mice lacking distinct TGF-β isoforms [34] . Once synthesized, TGF-β ligands are secreted into the extracellular matrix (ECM) as inactive latent complexes whose conversion to active forms transpires through several mechanisms, including proteolysis, reactive oxygen species, acidic microenvironments, and binding to integrins [35, 36] . Following their activation, only TGF-βs 1 and 3 can bind directly to TβR-II, while that of TGF-β2 must first bind TβR-III to facilitate presentation to TβR-II. Although TβR-III lacks intrinsic enzymatic activity, TβR-I and TβR-II both possess Ser/Thr protein kinases in their cytoplasmic domains that serve to initiate downstream signaling [19, 37] . Indeed, ligand engagement of TβR-II leads to the recruitment, phosphorylation, and activation of TβR-I, which subsequently binds, phosphorylates, and stimulates Smad2/3 [19, 38] . Once activated, Smad2/3 rapidly interact physically with the common Smad, Smad4, thereby exposing cryptic nuclear localization sequences that permit these heterotrimeric complexes to accumulate in the nucleus. Upon gaining entry into the nucleus, Smad2/3/4 complexes function in conjunction with a host of transcription factors, enhancers, and repressors that collectively bring about dramatic alterations in gene expression in a cell-and context-specific manner [ Fig. 1 , left panel; [19, 38] ]. In addition, the amplitude and duration of Smad2/3 responses are impacted by their interaction with a variety of adapter molecules, including SARA [39] , Hgs [40] , PCTA [41] , and Dab2 [42, 43] . Interestingly, altered expression of SARA and Dab2 have both been linked to the ability of TGF-β to regulate the plasticity of MECs [44] [45] [46] [47] , suggesting that imbalances in Smad2/3 signaling contribute to oncogenic TGF-β signaling. Along these lines, the focal adhesion adapter protein, p130Cas, can bind and promote the degradation of Smad3, leading to diminished cytostatic activity by TGF-β [48] . We showed that mammary tumorigenesis upregulates the expression of p130Cas, an event that enhances TGF-β stimulation of metastatic progression in part via amplifying the coupling of TGF-β to its noncanonical effectors relative to signals derived from their Smad2/3 counterparts [49] . The activation of Smad2/3 by TβR-I is governed by the inhibitory Smad, Smad7, whose binding to TβR-I occludes its ability to phosphorylate Smad2/3 [50] [51] [52] , as well as recruits the E3 ubiquitin ligase, Smurf1/2, to promote TGF-β receptor ubiquitination, internalization, and degradation [53, 54] . In addition, the functions of Smad7 are positively regulated by its binding to STRAP [55] , but negatively regulated by its interactions with AMSH2 [56] and Arkadia [57] . Finally, canonical TGF-β signaling can be terminated through several distinct mechanisms, including (a) dephosphorylation of Smad2/3 by the nuclear phosphatase PPM1A [58] ; (b) degradation of Smad2/3 following their ubiquitination by Smurf1, Smurf2, and SCF/Roc1 [59] [60] [61] [62] ; and (c) reversible monoubiquitination of Smad4 which governs its binding to activated Smad2/3 [63] .
The essential function of Smad2/3 and canonical TGF-β signaling in suppressing tumorigenesis, including those occurring in the breast, is well documented in the scientific literature (see [38, 64, 65] ). Unfortunately, it remains unclear as to the extent to which canonical TGF-β signaling collaborates with its noncanonical counterparts in mediating the oncogenic activities of TGF-β in late-stage breast cancer. For instance, both canonical and noncanonical TGF-β signaling are essential for TGF-β stimulation of EMT in MECs [5, [66] [67] [68] [69] . Moreover, cross-talk between Smad2/3 and the noncanonical TGF-β effector, Ras, is sufficient in driving EMT and metastasis [70, 71] . We have shown that sustained EMT induced by TGF-β selectively diminishes Smad3 expression following the activation of several noncanonical TGF-β effectors, including p130Cas [49] , GSK-3β [72] , and a NF-κB:Cox-2:PGE2:EP2 signaling axis [72] [73] [74] [75] . Yet how these individual events coalesce during distinct stages of metastatic progression remain purely speculative, as is the nature of these signaling collaborations to the behaviors of normal MECs. The molecular readouts of Smad2/3 signaling are also regulated by the phosphorylation of their proline-rich linker domains by a host of Ser/Thr protein kinases. Indeed, activated Ras promotes ERK1/2-mediated phosphorylation of Smad2/3 linker domains, leading to a reduction in their ability to undergo nuclear translocation [76] . However, ERK1/2-mediated phosphorylation of the MH1 domain of Smad2/3 enhances its transcriptional activity [77] , suggesting that the location of the phospho-accepting residue has dramatic effects on Smad2/3 function. Likewise, stimulating JNK or its upstream activator, MEKK1, both enhance Smad2/3 signaling in response to TGF-β [78, 79] , as does that mediated by casein kinase I-ε [80] . In stark contrast, the phosphorylation of Smad2/3 by PKC [81] , calmodulin kinase II [82] , and GSK-3 [83] all suppress the intracellular communications propagated by canonical TGF-β signaling. Collectively, these studies highlight the complexities associated with TGF-β signaling and the need to further dissect the molecular interactions between Smad2/3 and their noncanonical counterparts in mediating the biology and pathology of TGF-β in normal and malignant MECs.
Noncanonical TGF-β Signaling Systems
In addition to its ability to activate Smad2/3, TGF-β also regulates the pathophysiology of MECs by stimulating an ever expanding array of noncanonical signaling molecules (i.e., Smad2/3-independent), whose activation and biological activities span all cellular compartments. Recent studies by our group [49, [72] [73] [74] [75] [84] [85] [86] [87] [88] [89] [90] [91] and others [92, 93] support the idea that inappropriate imbalances between canonical and noncanonical TGF-β signaling pathways manifest the "TGF-β Paradox" and the acquisition of oncogenic signaling by TGF-β in developing and progressing mammary tumors (Fig. 1, right panel) . In the succeeding sections, we highlight prominent noncanonical effectors activated by TGF-β and discuss their role in mediating oncogenic TGF-β signaling in cancers of the breast. Transmembrane signaling by TGF-β is stimulated upon its binding and activation of the Ser/Thr protein kinase receptors, TβR-I and TβR-II. The physical interaction of TGF-β with either TβR-III or TβR-II facilitates the recruitment and transphosphorylation of TβR-I, resulting in its activation and subsequent phosphorylation of the receptor-activated Smads, Smad2 and Smad3. Once activated, Smad2/ 3 form heterocomplexes with Smad4 and translocate to the nucleus to regulate the expression of TGF-β-responsive genes in concert with an ever expanding list of transcriptional coactivators and repressors. This branch of the bifurcated TGF-β signaling system represents the "canonical" or "Smad2/3-dependent" TGF-β pathway, which is the predominant pathway coupled to cytostasis and activated by TGF-β in normal MECs (left panel). Alternatively, TGF-β also activates a variety of "noncanonical" or "Smad2/3-independent" effectors, including Par6, NF-κB, ILK, FAK, Src, Rho-family GTPases, MAP kinases, and the PI3K:AKT:mTOR signaling axes (right panel). During EMT and mammary tumorigenesis, the balance between canonical and noncanonical TGF-β signaling systems becomes distorted and favors coupling to noncanonical effector systems, an event that manifests the "TGF-β Paradox" and the initiation of EMT, invasion, and metastasis. These events are further exacerbated by elevated deposition and eventual cross-linking of ECM molecules within tumor microenvironments (LOX, right panel), an event that promotes tumor rigidity and the activation of mechanotransduction pathways operant in amplifying noncanonical TGF-β signaling and its oncogenic activities in mammary tumors. See text for additional details.
Integrin and Focal Adhesion Signaling
Integrins are heterodimeric transmembrane receptors that specialize in linking the ECM to the cytoskeletal apparatus within normal and malignant cells [94] . Interestingly, individual tissues bear a unique "fingerprint" through their expression of unique and distinguishing ECM signatures [95] , which are readily recognized and complemented by an equally diverse array of integrin expression. Importantly, carcinoma cells undergoing neoplastic development can alter their integrin expression profiles to reflect changes within the tumor microenvironment, as well as those necessary for metastatic progression [94] . Indeed, integrin activation and signaling is essential to cell proliferation, survival, migration, and invasion, and to the development of chemoresistance in breast cancer cells [96] . These integrin-mediated functions are surprisingly reminiscent of those attributed to TGF-β during its stimulation of metastatic progression of mammary tumors, and as such, these observations suggest the potential involvement of integrins in oncogenic TGF-β signaling. Accordingly, integrins αvβ6 and αvβ8 function in binding and activating latent TGF-β complexes, a mechanism that involves matrix metalloproteinase (MMP)-14 and the proteolytic release of active TGF-β to affect the behaviors of neighboring cells [97, 98] . Furthermore, TGF-β stimulates the expression of αvβ3 integrin, which confers migratory and invasive phenotypes to normal and malignant MECs, as well as mediates pulmonary metastasis induced by TGF-β in late-stage breast cancer cells [85] [86] [87] . Mechanistically, β3 integrin interacts physically with TβR-II and promotes its phosphorylation on Tyr284 by Src. Following its phosphorylation, Tyr284 serves as a docking site for ShcA and Grb2, leading to the amplified activation of p38 MAPK and the acquisition of EMT phenotypes by MECs [85] [86] [87] . Importantly, pharmacologic or genetic manipulations to inactivate this noncanonical signaling axis are sufficient in blocking oncogenic TGF-β signaling and its stimulation of EMT and metastasis in malignant MECs [85] [86] [87] . Along these lines, administration of TβR-I inhibitors to mice prevents the metastasis of breast cancer cells to the bone and lungs in part via diminished expression of αvβ3 integrin [99, 100] . Subsequent studies established focal adhesion kinase (FAK) as the adapter molecule operant in bridging the formation of β3 integrin:TβR-II complexes [88] , and as an essential mediator for TGF-β to (a) stimulate EMT and metastasis in breast cancer cells [49, 88] , (b) induce macrophage infiltration into developing mammary tumors [88] ; and (c) facilitate EGFR-dependent metastatic progression in malignant MECs [89] . In the presence of degraded ECM fragments, the scaffolding functions of FAK enable the formation of complexes comprised of β1 integrins and TGF-β receptors, which initiate oncogenic TGF-β signaling in a ligand-independent manner [101] . Besides FAK, we also identified p130Cas as a molecular fulcrum that governs the balance between canonical and noncanonical TGF-β signaling during mammary tumorigenesis. Indeed, the phosphorylation and activation of p130Cas enables this adapter molecule to form heteromeric complexes with TβR-I and Smad3, resulting in the degradation of Smad3 and the initiation of metastatic progression stimulated by TGF-β [48, 49] . Elevated expression of p130Cas occurs frequently during the progression of mammary tumors and is associated with the development of resistance to adriamycin and tamoxifen [102, 103] , and with the increased malignancy of ErbB2 tumors due to enhanced signaling via Src, FAK, Rac1, and MMP-9 [104, 105] . Finally, signaling downstream of β1 integrin also mediates TGF-β stimulation of p38 MAPK, JNK, and Dab2 expression, all of which are essential for the acquisition of EMT phenotypes in MECs [46, 106] . Along these lines, we recently discovered a novel interaction between β1 and β3 integrins in regulating oncogenic TGF-β, such that pharmacologic or genetic inactivation of β1 integrin engenders a dramatic compensatory upregulation of β3 integrin expression sufficient to restore oncogenic TGF-β signaling in metastatic MECs (J.G. Parvani and W.P. Schiemann, unpublished observation). Thus, metastatic breast cancers may have evolved the means necessary to evade single agent integrin-based therapies through "integrin-switching" [107, 108] , and if so, future studies need to identify the collection of integrins operant in mediating the oncogenic activities of TGF-β.
PI3K, AKT, and mTOR
Oncogenic TGF-β signaling is also associated with the activation of phosphoinositide-3-kinase (PI3K) and its downstream target, AKT/PKB, which collectively serve in enhancing breast cancer proliferation, survival, and motility [109] . In addition, activation of the PI3K:AKT signaling axis also enables TGF-β to induce EMT and metastatic progression in malignant MECs, doing so via either the direct coupling of TGF-β receptors to the PI3K machinery [110] or indirectly through the ability of TGF-β to transactivate the receptors for EGF [111] and PDGF [112] . In fact, dual activation of the receptors for TGF-β and EGF can produce a hyper-EMT response related to the stimulation of PI3K/AKT and ERK1/2. Interestingly, antagonizing PI3K/AKT activity pharmacologically has no effect on the morphological features of EMT, but is sufficient in preventing elevated cell motility and invasion associated with EMT phenotypes [113] . These findings suggest that the morphologic and motile phenotypes of EMT may in fact be distinct physiological entities, each coupled to unique branches of the noncanonical TGF-β signaling system. Accordingly, inactivating mTOR (mammalian target of rapamycin) also failed to alter the morphological features of EMT stimulated by TGF-β, but did prevent its ability to induce the invasion of post-EMT MECs [114] . The complexities of connecting PI3K:AKT signaling to the oncogenic activities of TGF-β are further highlighted by the ability of AKT to interact physically with Smad3 and prevent its nuclear translocation in response to TGF-β, thereby diminishing the cytostatic activities of TGF-β by enhancing cell survival [115, 116] . Finally, recent studies have established AKT2 as an essential mediator of EMT stimulated by TGF-β [45, 47] . For instance, heterogeneous nuclear ribronucleoprotein E1 (hnRNP E1) strongly binds to structural elements in the 3'-UTRs of Dab2 and interleukin-like EMT inducer (ILEI) transcripts, thereby repressing their translation and subsequent induction of EMT in polarized MECs. In response to TGF-β, AKT2 readily phosphorylates and inactivates hnRNP E1, leading to its release from Dab2 and ILEI mRNA and the initiation of EMT and metastatic progression in MECs [45, 47] . Thus, the ability of TGF-β to regulate the translation and elongation of transcripts associated with the EMT process may represent a unique clinical target to alleviate breast cancer metastasis by overriding noncanonical TGF-β signaling inputs coupled to PI3K:AKT:mTOR activation.
Rho-family GTPases
Recent studies have implicated members of the Rho GTPase family (i.e., RhoA/B/C, Rac1, and Cdc42) in mediating the initiation of oncogenic TGF-β signaling [69, 117, 118] . Indeed, these small plasma membraneassociated GTP-binding proteins collaborate with integrins and other receptor systems to regulate a wide array of cellular functions, including alterations in cell adhesion, morphology, and motility reflecting the generation of filopodia (e.g., Cdc42), lamellipodia (e.g., Rac1), and actin stress fibers (e.g., RhoA) [119, 120] . Thus, these findings implicate Rho-family GTPases as potential participants in all stages of the metastatic cascade. Accordingly, TGF-β stimulation of EMT requires RhoA activation, as well as that of its downstream effector, p160
ROCK [121] . Additionally, the phosphorylation of Par6 by TβR-II results in the ubiquitination and degradation of RhoA [122, 123] , presumably leading to upregulated Snail expression that promotes the E-cadherin deficiencies associated with EMT phenotypes [124] . On a similar note, the ability of TGF-β to suppress RhoC expression also elicits the dissolution of junctional complexes by inducing the proteosomal degradation of E-cadherin [124] . More recently, TGF-β has been observed to induce the phosphorylation of CdGAP, a RhoGAP that only targets Rac1 and Cdc42, leading to elevated cell motility and invasion in ErbB2-positive breast cancers [125] . Independent of its ability to bind ligand, TβR-III bound to β-arrestin2 elicits constitutive activation of Cdc42, which inhibits directional migration of ovarian and breast cancer cells [126] . Finally, RhoA expression is differentially regulated by TGF-β-responsive microRNAs (miRs), such that TGF-β stimulation of miR-155 expression promotes EMT by degrading RhoA [127] , while that of miR-31 suppresses breast cancer metastasis in part by reducing RhoA expression [128, 129] . Taken together, these findings highlight the functional complexities associated with the expression and activation of Rho-family GTPases during metastatic progression stimulated by TGF-β.
MAP Kinases
A major mechanism whereby TGF-β induces EMT and metastatic progression is through the stimulation of members of the MAP kinase family of dual-specificity protein kinases, which includes ERK1/2 (extracellular signalrelated kinase 1 and 2), JNK (c-Jun N-terminal kinase, and p38 MAPK [106, [130] [131] [132] . Indeed, TGF-β stimulation of EMT and its accompanying delocalization of Ecadherin and ZO-1 from the plasma membrane requires ERK1/2 activation, a cellular reaction abrogated by administration of MEK1/2 inhibitors [132] . Likewise, rendering MECs deficient in Dab2 expression prevents TGF-β from stimulating JNK, and from promoting MEC migration and fibronectin expression during EMT [46] . Elevated tumor expression of type I collagen has been shown to induce JNK activation [133] . As such, pharmacological inhibition of either JNK or PI3K activity abrogates the ability of type I collagen to promote the migration and metastasis of breast cancer cells [134] . The activation of p38 MAPK by TGF-β in normal and malignant MECs requires these cells to express either β1 [106] or β3 integrins [85] [86] [87] . As mentioned previously, we defined a novel signaling axis comprised of αvβ3 integrin:Src:FAK:p130Cas:TβR-II: Grb2 that is critical for TGF-β stimulation of p38 MAPK, EMT, and pulmonary metastasis of breast cancer cells [49, [85] [86] [87] [88] . In addition, this signaling axis also confers oncogenic activity to EGF, including its ability to facilitate p38 MAPK activation and metastatic progression in post-EMT populations of breast cancer cells [89] . Recently, an alternative mechanism operant in activating JNK and p38 MAPK by TGF-β has been elucidated. Indeed, following their activation by cytokine, TGF-β receptors interact physically with TRAF6 (TNF receptor-associated factor 6), thereby enabling this E3 ligase to ubiquitinate and activate TAK1 and its eventual stimulation of JNK and p38 MAPK [135, 136] . Importantly, depleting MECs of TRAF6 expression fails to affect canonical TGF-β signaling; however, this same cellular condition prevents TGF-β from activating JNK and p38 MAPK, as well as from stimulating EMT [135, 136] . Collectively, these studies highlight the importance of MAP kinases in mediating the acquisition of oncogenic signaling by TGF-β, leading to the hypothesis that chemotherapeutic targeting of MAP kinase pathways may reinstate the cytostatic function of TGF-β by normalizing the inherent balance between its canonical and noncanonical signaling systems.
Nuclear Factor-κB NF-κB is an essential mediator of inflammation associated with the growth, survival, invasion and angiogenesis of developing neoplasms [137] . TGF-β typically represses NF-κB activity in normal cells by inducing the expression of IκBα [138, 139] , or by preventing the degradation of IκBα via the formation of TβR-III:β-arrestin2 complexes [140] . In stark contrast, mammary tumorigenesis paradoxically converts TGF-β from an inhibitor to a stimulator of NF-κB activity. In doing so, TGF-β acquires the ability to form TβR-I:xIAP:TAB1:TAK1:IKKβ complexes in malignant MECs, as well as in their normal counterparts undergoing EMT in response to TGF-β [72] [73] [74] . Uncoupling TGF-β from NF-κB activation dramatically inhibits (a) mammary tumor development in mice in part via regulation of the innate immune system [73] , and (b) the acquisition of EMT and invasive phenotypes in normal and malignant MECs [72] [73] [74] 141] . Along these lines, the coupling of TGF-β to NF-κB facilitates Ras-transformed breast cancer cells to undergo EMT and colonize the lung [142] , as well as promotes the formation of an autocrine Cox-2:PGE2:EP2 signaling cascade essential for metastatic progression and EMT induced by TGF-β [72, 75] . Future studies need to assess the relative contribution of NF-κB in the acquisition of chemoresistant phenotypes displayed by late-stage mammary tumors, particularly those subjected to the oncogenic activities of TGF-β.
Lysyl Oxidase (LOX)
Lysyl oxidase (LOX) belongs to a five member gene family of copper-dependent amine oxidases (LOX, LOXL1, LOXL2, LOXL3, and LOXL4) that function in crosslinking collagen and elastin in the ECM [143, 144] . The cross-linking activity of LOX leads to increased ECM tension and rigidity in developing mammary tumors, which enhances integrin-mediated mechanotransduction coupled to the induction of breast cancer invasion and metastasis [145, 146] . Elevated LOX expression is also associated with hypoxia-induced metastasis of breast cancer cells in mice, and with increased metastatic burden and poor survival in breast cancer patients [147, 148] . Interestingly, the hydrogen peroxide produced as a byproduct of LOX activity leads to Rac1 activation through the assembly of p130Cas/Crk/Dock180 complexes [149] . Along these lines, we recently observed LOX expression and secretion to be stimulated by TGF-β in normal and malignant MECs, and in 4T1 mammary tumors produced in mice [90] . Additionally, antagonizing the expression and activity of LOX impairs the ability of TGF-β to induce EMT and invasion, as well as partially uncouples TGF-β from the activation of p38 MAPK in metastatic cells [90] . Even more remarkably, we demonstrated that exposing late-stage breast cancer cells to compliant microenvironments is sufficient in reinstating the cytostatic function of TGF-β, a reaction that is readily reversed by rendering these same 3D-organotypic cultures mechanically rigid by the inclusion of type I collagen. Importantly, inhibiting the activities of TGF-β or LOX, or degrading hydrogen peroxide in rigid cultures abrogates oncogenic TGF-β signaling [90] , thereby implicating LOX as an important mediator of breast cancer progression stimulated by TGF-β. Finally, the formation of premetastatic niches has been linked to LOX and its ability to stimulate collagen cross-linking and fibronectin production, which coalesce to recruit bone marrow-derived cells (BMDCs) to future sites of metastasis [147] . TGF-β also induces BMDC recruitment to premetastatic niches [150] , suggesting a clinically important link between TGF-β and its stimulation of LOX expression in mediating the establishment of premetastatic niches. Future studies need to demonstrate the validity of this supposition, as well as determine the chemotherapeutic effectiveness of preventing LOX expression or activation as a novel means to alleviate oncogenic TGF-β signaling in cancers of the breast.
Noncanonical TGF-β Signaling and MEC Plasticity
EMT
The ability of TGF-β to promote metastatic progression is strongly linked to EMT, which represents a transdifferentiation process that enables immotile, polarized MECs to acquire highly motile, apolar fibroblastoid-like phenotypes [5, 69, 151] . For instance, MECs undergoing EMT exhibit several unique features, including (a) the loss of cell polarity due to down regulated expression of epithelial cell markers (e.g., E-cadherin, ZO-1, and β4 integrin); (b) cytoskeletal architecture reorganization and intracellular organelle redistribution; (c) upregulated expression of fibroblastoid markers (e.g., vimentin, N-cadherin, α-smooth muscle actin); and (d) elevated invasion factors (e.g., MMP-9, fibronectin) [5, 69, 151, 152] . Generally speaking, these steps underlie the pathophysiology of EMT, which were recently categorized into three distinct sub-types: (a) Type 1 EMT, which refers to the plasticity exhibited by epithelial cells during embryogenesis and tissue morphogenesis; (b) Type 2 EMT, which refers to the plasticity exhibited by epithelial cells during tissue regeneration and fibrotic reactions; and (c) Type 3 EMT, which refers to the plasticity exhibited by carcinoma cells during metastatic progression [153] . Indeed, Type 3 EMT has been observed to confer carcinoma cells a selective invasive advantage to exit both the primary tumor [88] and the circulation at sites of dissemination [89, 154] . At first blush, this classification scheme acknowledges that the extent to which an EMT reaction transpires likely reflects the overall health and well-being of the epithelium and its immediate microenvironment. Unfortunately, the vast majority of EMT studies employ "cell-centric" approaches to assess the functional consequences of EMT in normal and malignant cells, and as such, the contributions of the microenvironment in regulating epithelial plasticity remains a critical and underexplored question. Readers desiring indepth summaries pertaining to the molecular mechanisms whereby TGF-β promotes EMT are directed to several recent reviews [5, 69, 151, 152] .
Junctional Dissolution
Tight Junctions
Tight Junctions are localized to lateral cell membranes where they coalesce to form a permeability seal that physically restricts solutes from entering intercellular spaces [155, 156] . Structurally, tight junctions are formed by the actions of the transmembrane proteins, claudins, occludins, and JAMs (Junctional Adhesion Molecules), which require ZO-1, -2, and -3 scaffolding proteins for linkage to the actin cytoskeleton [157, 158] . Once formed, tight junctions and their constituents play essential roles in regulating the architecture and homeostasis of MECs, and in preventing the initiation of EMT and tumorigenesis [159] . TGF-β is a master regulator of the expression and localization of several tight junction components, particularly during EMT. For example, phosphorylation of Par6 in response to TGF-β promotes the ubiquitination and degradation of RhoA, resulting in the dissolution of tight junctions during EMT stimulated by TGF-β [122, 123] . By stimulating the formation of Snail1:Smad3:Smad4 complexes in MECs, TGF-β downregulates the expression of the tight junction proteins CAR (coxsackie and adenovirus receptor), occludin, and claudin-3, as well as that of the adherens junction protein, E-cadherin [160, 161] . As mentioned previously, TGF-β delocalizes ZO-1 away from tight junctions by activating PI3K and ERK1/2 [110, 132] , while co-administration of TGF-β and EGF reduces claudin-1 and occludin expression concomitantly with a loss of epithelial barrier function [162] . Somewhat surprisingly, the loss of claudin-1 expression requires Smad4 and β-catenin activity, but was independent of TGF-β and its receptors [163] . Finally, recent studies implicate a role of occludin in localizing TGF-β receptors to basolateral [164] or lateral [165] cell surfaces, a sorting reaction that requires the cytoplasmic domains of these receptors [165] . Conversely, the secretion of TGF-β ligands is localized specifically to the apical surface in non-transformed cells and to the basolateral surface of transformed cells [165, 166] . Collectively, these studies highlight the importance of tight junctions in regulating MEC homeostasis, as well as their potential to coordinate the responses of MECs to TGF-β in a spatiotemporal manner.
Adherens Junctions E-cadherin is the primary molecule responsible for forming adherens junctions in polarized MECs [167, 168] , and the loss of E-cadherin expression in neoplastic MECs leads to their acquisition of EMT, invasive, and metastatic phenotypes that correlate with poor clinical outcomes in breast cancer patients [169] [170] [171] . TGF-β transcriptionally silences E-cadherin expression in malignant MECs by activating a variety of EMT-responsive transcription factors, including Snail, ZEB1/2, or Twist [172] . Interestingly, as MECs transdifferentiate and acquire mesenchymal phenotypes they typically undergo "cadherin switching" whereby epithelial E-cadherin is replaced by the upregulated expression of mesenchymal N-cadherin or cadherin-11 [167, 173] . Adherens junctions are stabilized by the binding of cadherins to the actin cytoskeleton via their interaction with α-and β-catenins and plakoglobin [167, 168] . These events are readily disrupted by TGF-β and its targeting of α-and β-catenins for Tyr-phosphorylation, an event that reduces cell-cell adhesion and alters the actin cytoskeleton [174] [175] [176] . The ability of TGF-β to downregulate E-cadherin-based cell-cell adhesion depends upon the formation of Smad2:β-catenin complexes [174, 175] , and upon the integration of PI3K and PTEN signaling inputs [177] . Future studies need to define the precise role that "cadherin switching" plays during metastatic progression stimulated by TGF-β, as well as delineate the relative contributions of canonical and noncanonical TGF-β signaling inputs in mediating these events.
Microenvironments and MEC Plasticity
The biology of TGF-β can largely be divided into two broad categories: regulation of cell cycling versus regulation of cell microenvironments (i.e., extracellular matrix (ECM) remodeling, angiogenesis, fibroblast activation, and immune cell infiltration). Thus, in addition to inducing cytostasis in MECs, TGF-β also governs the behaviors of adjacent fibroblasts, adipocytes, and endothelial cells, as well as their synthesis of paracrine factors and ECM molecules that collectively suppress carcinoma development. During mammary tumorigenesis, the tumor microenvironment readily develops a variety of cellular and structural abnormalities that have a profound impact on TGF-β signaling. For example, targeted inactivation of the TGF-β signaling system in fibroblasts [178] or T cells [179] both elicit carcinoma development due to disruptions of tumor suppressing paracrine signaling networks. Likewise, conditional deletion of TβR-II in mammary gland fibroblasts greatly enhances their proliferative potential and elicits abnormal ductal development [180] . Additionally, TβR-II-deficient mammary fibroblasts promote the growth and invasion of breast cancer cells in part via upregulated expression of TGF-α, MSP (macrophage-stimulating protein), and HGF (hepatocyte growth factor) [22, 178, 180, 181] . Similar inactivation of TβR-II in breast cancer cells is observed to promote their metastatic progression through the initiation of two inappropriate paracrine signaling axes-namely, SDF-1:CXCR4 and CXCL5:CXCR2 [150] . The net-effect of these events result in the recruitment of immature GR1 +
CD11b
+ myeloid cells that drive breast cancer metastasis by inhibiting host tumor immunosurveillance, and by inducing MMP expression [150] . Collectively, these findings touch upon the importance of the microenvironment and paracrine signaling networks in dictating the pathophysiological activities of TGF-β in the mammary gland. Readers desiring more in-depth analyses and descriptions of the role of fibroblasts in regulating mammary development and tumorigenesis are directed the accompanying review by Moses and colleagues. In the succeeding sections, we highlight the role of fibronectin and collagen in promoting metastatic progression stimulated by TGF-β.
Fibronectin
TGF-β has long been recognized as a principle player operant in stimulating fibronectin expression and incorporation into the ECM [182] . Importantly, elevated fibronectin expression enables dormant MEC micrometastases to reinitiate cell proliferation in a β1 integrin-dependent manner [183] . Along these lines, upregulated fibronectin expression in conjunction with that of activated Ras significantly alters MEC integrin expression profiles in a manner reminiscent of "cadherin switching," such that epithelial α6β4 integrins are replaced by mesenchymal α5β1 integrins. Collectively, these events enhance TGF-β stimulation of EMT and its induction of MEC motility and survival signaling [184] . Interestingly, the ability of TGF-β to bestow anchorage-independent properties to responsive cells can be recapitulated by fibronectin administration, a reaction dependent upon integrin signaling [182] . Fibronectin production is also associated with the formation of the "premetastatic niche," which recruits BDMCs to provide a permissive metastatic microenvironment for the arrival of disseminated breast cancer cells [147, 185] . Finally, a recent study established the importance of TGF-β secreted by mammary tumors to assemble a fibronectin matrix that is three times more mechanically rigid than matrices assembled by normal MECs [186] . Collectively, these findings implicate fibronectin as an essential mediator of metastatic progression stimulated by TGF-β, particularly its ability to respond to signaling inputs derived from integrins and mechanotransduction.
Collagen
In addition to its stimulation of fibronectin expression, TGF-β also has a longstanding relationship with collagen [182] , whose elevated expression in mammary tumors associates with increased tumor occurrence and metastasis, as well as with poor clinical outcomes [187, 188] . Increased collagen deposition also promotes ECM rigidity, which contributes greatly to the development and progression of mammary tumors [145, 146] . Interestingly, TGF-β stimulates basal-like breast cancer cells to express Endo180, which is a cell surface receptor that promotes the (a) growth and motility of highly invasive breast cancer cells, and (b) internalization and intracellular degradation of collagen [189] . Recently, collagen was observed to activate TGF-β receptors in a ligand-independent manner, leading to the dual stimulation of canonical and noncanonical TGF-β effectors in breast cancer cells [101] . Collectively, these findings highlight the intimate relationship between collagen and TGF-β in promoting disease progression in breast cancer patients, and suggest that measures capable of neutralizing upregulated collagen expression and activity may offer new inroads to alleviate oncogenic TGF-β signaling.
Novel Modes of MEC Plasticity Regulated by TGF-β microRNAs microRNAs are small, noncoding RNAs that (a) typically range from 20 to 25 base pairs in length, and (b) play essential roles in suppressing gene expression through their ability to bind to the 3'-UTRs of target mRNAs, which induces either their degradation or translational repression [190] . Interestingly, the majority of miRs identified to date localize to fragile genomic regions associated with cancer [191] , leading to the notion that microRNA-based expression signatures may be developed as diagnostic platforms for cancer patients. Accordingly, microRNA expression profiling studies have demonstrated the ability of micro-RNA signatures to readily distinguish normal tissues from their tumorigenic counterparts, as well as to stage and classify human mammary tumors [192] [193] [194] . Along these lines, differential microRNA expression can function in either suppressing or promoting mammary tumorigenesis, and in governing specific steps of the metastatic cascade, including the induction of MEC migration, invasion, and EMT [195] [196] [197] [198] . The pathophysiological processes regulated by miRs are highly reminiscent of those controlled by TGF-β, and as such, it is not surprising to learn that microRNAs are active participants in regulating MEC response to TGF-β. For instance, TGF-β stimulation of EMT down regulates the expression of the miR-200 family of miRs, which normally suppresses the expression of the EMT-responsive transcription factors, ZEB1 and ZEB2/ SIP1 [199] . Consequently, elevated ZEB1 and ZEB2 expression initiate EMT in part by repressing E-cadherin expression in breast cancer cells [199] . EMT induced by TGF-β has also been linked to its stimulation of miR-21 expression [200] , which enhances the migration and invasion of breast cancers by down regulating the expression of tropomyosin [197, 201] . Clinically, high miR-21 expression in early-stage breast cancers is associated with decreased disease-free survival, as well as with significantly elevated expression of TGF-β [202] . Canonical TGF-β signaling was recently observed to regulate miR-21 activity by enhancing the processing of its pri-miR-21 transcripts to their pre-miR-21 counterparts, a post-translational mechanism supported by the formation of Smad2/3:DROSHA complexes [203] . Finally, canonical TGF-β signaling regulates the differential expression of 28 miRs in MECs undergoing EMT in response to TGF-β. Of these EMTrelated miRs, the expression of miR-155 is essential in mediating MEC motility and tight junction dissolution due to a loss of RhoA expression in transitioning MECs [127] .
Collectively, these studies demonstrate the role of TGF-β in directing microRNA expression in normal and malignant MECs, doing so via employment of intricate transcriptional and post-translational mechanisms. Future studies need to comprehensively map the microRNAome governed by TGF-β, as well as the extent to which targeting microRNA expression can abrogate metastatic progression stimulated by TGF-β in developing mammary tumors.
Acquisition of Stemness
Heterogeneity in cell morphology, gene signatures, and sensitivity to chemotherapeutics are all hallmarks of various human cancers, including those of the breast [204] [205] [206] [207] . The phenotypic changes associated with oncogenic Type 3 EMT can give rise to the generation and expansion of cancer-initiating cells that possess stem cell-like characteristics [29, 208] , including the ability to undergo selfrenewal and asymmetrical cell division [204, 205, 209] . At present, the origins of cancer stem cells (CSCs) remain controversial; however, recent findings do suggest that CSCs may arise through their ability to commandeer a core set of transcription factors during the malignant transformation of normal stem cells, or during the dedifferentiation of bulk tumor cells ([ Fig. 2; [210-214] ). Transcription factors underlying cellular reprogramming coupled to pluripotency include Nanog, Oct4, Sox2, Klf4, and c-Myc [215] , all of which are regulated by TGF-β [216] [217] [218] [219] .
With respect to breast cancer, recent studies have identified a small CSC population that possesses stem cell-like properties and exhibits a CD44 high /CD24 low antigenic phenotype [209] . Interestingly, terminally differentiated luminal MECs readily express ER-α and CD24, which contrasts sharply with their mammary progenitor-like counterparts that express CD44, but not ER-α [30] . When stimulated by TGF-β or in response to constitutive expression of either Twist or Snail, MECs undergo an EMT program that generates a CD44 high / CD24 low population of cells that possess stem cell-like and mammosphere forming features [29] . The loss of E-cadherin expression that transpires during EMT reinforces these events by permitting the nuclear translocation of β-catenin and its stimulation of CD44 expression [220] . Moreover, pharmacological inhibition of TGF-β signaling in breast CSCs suppresses their tumorigenicity in part by restoring E-cadherin expression via mesenchymal-epithelial transitions [30] . Interestingly, genomic analysis of primary breast tumors identified clonal genetic differences existing between CD44 high /CD24 low and CD44 low /CD24 high breast cancer cells, suggesting that these malignant MEC populations undergo independent evolutionary routes during mammary tumorigenesis. The importance of TGF-β signaling, particularly that mediated by the stem cell markers and noncanonical TGF-β effectors β1 (CD29) and β3 (CD61) integrins, in regulating CSC evolution is supported by the finding that TβR-II is readily expressed in CD44 high /CD24 low populations as compared to their CD44 low /CD24 high counterparts, which transcriptionally silences this TGF-β receptor [30] . Future studies need to establish the role of "stemness" in manifesting the "TGF-β Paradox" and its initiation of oncogenic TGF-β signaling during mammary tumorigenesis.
Unanswered Questions and Future Directions
Mammary Tumor Heterogeneity and Metastatic Progression
Mammary tumor microenvironments play an essential role governing the growth, metastasis, and chemosensitivity of developing breast cancers [22, 181] , as does the relative heterogeneity and clonality displayed by individual carcinoma cells housed within evolving mammary tumors [221] . The ability of MECs to undergo "integrin switching" during EMT and metastatic progression stimulated by TGF-β implicates integrins as master regulators in coordinating the interactions between reactive stroma and malignant MECs [85] [86] [87] 184] . Moreover, changes in integrin expression not only dictate the coupling of TGF-β to its canonical and noncanonical signaling systems [49, [85] [86] [87] [88] [89] , but also govern the ability of malignant MECs to respond and interact with components in their microenvironments, including reactive fibroblasts, adipocytes, lymphocytes, and endothelial cells [22, 181] . Collectively, these dynamic interactions coalesce in aiding MECs to successfully navigate the metastatic cascade and establish secondary lesions at distant organ sites. Simultaneous stimulation of αvβ3 integrin (by vitronectin) and TGF-β receptors is essential in mediating the acquisition of EMT and invasive phenotypes by normal and malignant MECs, and in promoting metastatic progression in triple-negative breast cancer cells [49, [85] [86] [87] [88] . Thus, differential vitronectin expression within tumor microenvironments and throughout the periphery may dictate the preferential metastasis of breast cancer cells to the liver, lung, brain, and bone based on integrin expression profiles [7] . The importance of β3 integrin to these events is underscored by our recent observation that rendering metastatic MECs deficient in β1 integrin actually enhances, not suppresses, metastatic progression at earlier stages of tumor development (J.P. Parvani and W.P. Schiemann, unpublished observation). Interestingly, targeted inactivation of β3 integrin expression in these same cells abrogates TGF-β stimulation of pulmonary metastasis [87] . Thus, while MECs possess considerable plasticity related to their integrin expression profiles, it appears that only a select repertoire of integrins may in fact couple TGF-β to metastatic progression in mammary tumors. Future studies need to establish the repertoire of integrins operant in mediating canonical TGF-β signaling and its cytostatic function versus those integrins operant in mediating oncogenic TGF-β signaling and its aberrantly amplified activation of noncanonical TGF-β effectors.
Investigating the role of integrins during cell:cell or cell: ECM interactions is complicated by the intratumoral heterogeneity of carcinoma cells within primary mammary tumors, of which only a minute fraction are actually endowed with the abilities to survive the metastatic cascade ( Fig. 3 ; [204, 222] ). Thus, analyzing the interactions of bulk tumors with their surrounding ECM and microenvironment may be misleading and unrepresentative of the reactions necessary in driving the egress of carcinoma cells out of these dysregulated microenvironments. Along these lines, the extent to which symbiotic relationships between epithelial-like and mesenchymal-like MECs cooperate in mediating completion of the metastatic cascade remain largely unexplored. For instance, in studying several human and murine isogeneic breast cancer progression series [222] [223] [224] , we repeatedly identify weakly tumorigenic derivatives that are highly invasive as compared to their more malignant counterparts that are surprisingly noninvasive (M.K Wendt and W.P. Schiemann, unpublished observation). Thus, do weakly tumorigenic and highly invasive MECs generate a readily available route for their weakly invasive counterparts to escape the confines of the primary tumor? And if so, do these "worker cells" traverse the circulation in tandem with their metastatic "queen cells" to facilitate their efficient exodus from the vasculature at suitable metastatic niches? And finally, what role does TGF-β and its noncanonical effectors play in regulating these collective events (Fig. 3) . Although future studies need to address these questions, several recent studies do support a collective and collaborative effort in facilitating breast cancer metastasis. First, epithelial-like (non-EMT and noninvasive) and mesenchymal-like (EMT and invasive) MECs were singularly unable to colonize the lungs of mice; however, engrafting both lines simultaneously resulted in robust pulmonary metastasis [225] , suggesting that both MEC populations cooperate to complete the metastatic cascade. Along these lines, indolent breast micrometastases can be reactivated by BMDCs mobilized into the circulation by systemic instigation derived from signals (e.g., osteopontin) originating from the primary mammary tumor [226] . Finally, aggressive circulating breast cancer cells have been observed to "self-seed" and infiltrate established tumors, thereby accelerating metastatic progression in recipient mammary tumors [227] . Clearly, future studies need to expand these findings and determine the extent to which these events are either regulated by TGF-β or participate in manifesting the "TGF-β Paradox." Smad2/3 Signaling and Metastasis: Prominent Players or Innocent Bystanders?
Although Smads 2 and 3 are often referred to as being a single entity in the scientific literature, recent findings have established distinct roles for Smad2 versus Smad3 in mediating the pathophysiology of TGF-β. For instance, targeted deletion of Smad2 elicits embryonic lethality [228, 229] , while Smad3-deficient mice are viable and are highly susceptible to inflammation-induced colon tumorigenesis [230] [231] [232] . Along these lines, the gene expression profiles coupled specifically to Smad2 activation are readily distinguishable from those coupled to the activation of Smad3 [233] [234] [235] , findings that offer unique insights into how TGF-β modulates cell growth, motility, and survival [236] . With respect to cancers of the breast, experimental inactivation of Smad2 augments breast cancer metastasis to bone, while similar inactivation of Smad3 attenuates this metastatic response by reducing tumor angiogenesis and VEGF expression [237] . Likewise, rendering early-stage breast cancer cells deficient in Smad2/3 signaling enhances their malignancy, while similar manipulations in their latestage counterparts prevents these breast cancer cells from colonizing the lungs [238, 239] . Interestingly, a TβR-I mutant unable to activate Smad2/3 fails to support the ability of breast cancer cells to colonize the lung [240] , suggesting that canonical and noncanonical TGF-β signaling inputs coalesce in facilitating metastatic outgrowth. At present, the precise molecular mechanisms that enable these disparate signaling systems to collaborate in promoting metastatic progression by TGF-β remains unclear. Addressing this question is critical to unraveling the mysteries of the "TGF-β Paradox." For instance, a recent study demonstrated that the administration of bisphosphonates was only effective in suppressing osteolytic bone lesions and canonical TGF-β signaling at early stages of the metastatic process, not in fully established lesions [241] . These findings indicate that canonical TGF-β signaling is differentially regulated during specific stages of the metastatic cascade. Accordingly, transient activation of Smad2/3 by TGF-β converted the migration of breast cancer cells from cohesive to single cell programs [242, 243] . Quite intriguingly, reinitiation of proliferation programs necessary for pulmonary metastatic outgrowth of these breast cancer cells required them to first inactivate Smad2/3 signaling [242, 243] . Thus, it is tempting to speculate that altered elastic moduli govern the coupling of TGF-β to Smad2/3. In support of this supposition, we recently determined that canonical TGF-β signaling is selectively silenced in (a) compliant 3D-organotypic cultures relative to rigid tissue culture plastic, and (b) pulmonary metastases relative to their site of origin (M.A. Taylor, M.K. Wendt and W.P. Schiemann, unpublished observation). Taken together, these intriguing findings demonstrate the plasticity present in the TGF-β signaling system as carcinoma cells undergo EMT and metastatic outgrowth, presumably reflecting a shift from canonical (i.e., Smad2/3-based) to noncanonical (i.e., non-Smad2/3-based) signaling that originates from altered mechanotransduction and integrin signaling. Future studies need to define which stages of the metastatic process are dependent upon TGF-β signaling, as well as delineate which branches of the TGF-β signaling system engender these deadly events.
The Future of TGF-β Targeted Chemotherapies
The challenge in designing pharmaceuticals effective in targeting TGF-β signaling lies in the ability of these agents to circumvent the principles of the "TGF-β Paradox." For instance, an ideal anti-TGF-β agent would be expected to specifically inactivate the oncogenic activities of TGF-β, while simultaneously preserving and/or enhancing its tumor suppressing functions. Currently, all chemotherapeutics developed against the TGF-β pathway universally function as pan-TGF-β antagonists, and as such, the preclinical and clinical use of these drugs has been shown to enhance the tumorigenicity of early-stage cancers as predicted by the "TGF-β Paradox" [24] . We previously hypothesized that the specific targeting of noncanonical TGF-β effectors might provide a novel means to restore its cytostatic function in developing mammary tumors [24] . In support of this supposition, we recently discovered three novel noncanonical TGF-β signaling axes that drive EMT and metastatic progression by TGF-β: (a) αvβ3 integrin:FAK: p130Cas:Src:pY284-TβR-II:Grb2:p38 MAPK [49, [85] [86] [87] [88] ; (b)TAB1:TAK1:IKKβ:xIAP:NF-κB [73, 74] ; and (c) Cox-2:PGE2:EP2 [72, 75] . Importantly, preventing TGF-β from activating any of these pathways is sufficient in alleviating its metastatic behavior, as well as in partially reinstating its cytostatic function in breast cancer cells. Future studies need to gauge the extent to which these events can be translated into clinical settings to prevent breast cancer metastasis and disease recurrence. Figure 3 Cooperation between distinct subpopulations of breast cancer cells may underlie local invasion and metastasis. a Carcinoma cell heterogeneity is a hallmark of primary mammary tumors and represented as "gray" and "black" breast cancer cells. b TGF-β signaling within the primary tumor microenvironment induces a subpopulation of breast cancer cells to undergo EMT and local invasion (gray cells), doing so via the activation of αvβ3 integrin, FAK, p38 MAPK, and Rho GTPases and their coupling to the production of MMPs and uPA. The efficiency of these events may be enhanced and bolstered by the cooperation of nonmetastatic cells (black cells) to produce "prometastatic" microenvironments. c Once liberated from the primary tumor, metastatic breast cancer cells intravasate the endothelium to gain access to the vasculature for systemic dissemination. Surviving transport through the circulatory system is essential for the metastatic cascade and may be linked to upregulated expression of αvβ3 integrin, which is also essential for disseminated breast cancer cells to extravasate the vasculature. d Colonization and eventual outgrowth of the metastatic lesion is associated with β1 integrin expression.
We also envision two additional approaches to offer new opportunities to selectively inhibit noncanonical TGF-β signaling. First, the activation of mechanotransduction by ECM rigidity clearly plays an important role in promoting breast cancer development and progression [145, 147, [244] [245] [246] , including that stimulated by TGF-β [90] . These findings suggest that pharmacological targeting of the tumor microenvironment and its accompanying desmoplastic reactions may provide novel avenues to treat metastatic progression stimulated by TGF-β. Indeed, coadministration of LOX and integrin inhibitors may simultaneously abrogate the oncogenic activities of TGF-β and mechanotransduction in developing mammary tumors. Along these lines, the use of iRGD peptides directed at αv integrins to deliver chemotherapeutics has also proven effective in enhancing drug penetration into breast cancers [247] . Thus, employment of iRGD peptides for the delivery of anti-TGF-β agents to mammary tumors may facilitate the specific inactivation of TGF-β signaling at the invasive front, thereby reducing metastatic burden. Second, the development of microRNA-based therapies may permit the fine-tuning of TGF-β behavior by targeting the MicroRNAome in mammary tumors. Indeed, tumor progression has been inhibited in a variety of preclinical models by overexpressing tumor suppressive miRs [248] [249] [250] , or by neutralizing the activities of oncogenic miRs [251] [252] [253] [254] . Given the role of microRNAs in mediating EMT and TGF-β signaling, it stands to reason that identifying the MicroRNAome regulated by TGF-β during its induction of metastatic progression may offer new inroads to enhance the overall survival of breast cancer patients.
